Effective gene-based therapies require efficient delivery of therapeutic genes to targeted mammalian cells as well as regulatable gene expression. Advances in gene therapy have mainly focused on the development of viral systems -adenovirus, retrovirus, adeno-associated virus, herpes virus, autonomous parvoviruses -and nonviral systems, such as direct injection of naked or conjugated DNA, for delivering transgenes into mammalian cells. Most of the currently applied gene delivery systems rely on strong viral promoters to drive high levels of expression in a wide range of tissues, although promoters from the cellular genes for phosphoglycerate kinase, actin and histones, have also been used with varying degrees of success. These promoters exhibit constitutive expression of proteins, which can cause cellular toxicity and may select for the downregulation of the effector systems.
Recent approaches to gene therapy have emphasized the need for gene delivery vectors that can efficiently introduce and control expression of foreign genes in a dose-dependent and reversible manner. Indeed, in certain disorders, only a specific range or dose of the therapeutic protein will achieve a successful outcome (1) (2) (3) .
In clinical applications, it will be beneficial to regulate the transgene expression in order to maintain protein concentrations within the therapeutic window and to optimize efficacy in response to the evolving nature of the disease. A regulatable system would be of value in modifying specific therapies if it could offer tight regulation in response to pharmacologic agents that can be safely and repetitively administered. For cancer gene therapy, therapeutic gene products that would be particularly valuable to control in this way include cytokines (see Agha-Mohammadi and Lotze, this Perspective Series, ref. 4) , prodrug activating enzymes (see Springer and Niculescu-Duvaz, this Perspective Series, ref. 5) , ribozymes, antibodies, tumoricidal genes, or antisense oligonucleotides. Regulatable systems also have great utility in controlling the expression of the vector delivering the therapeutic gene. If replicating viruses are to be used to deliver such genes or to lyse tumors directly, regulation of viral early promoters may be required to control the rate of viral replication and enhance the safety of the recombinant virus.
First-generation regulatable systems, based on naturally occurring inducible promoters, generally suffer from high basal expression of the utilized promoter, weak induction of transgene expression, and reliance on inducible agents that exert pleiotropic effects on mammalian cells. Chimeric regulatable systems, devised to overcome these limitations, incorporate various prokaryotic and eukaryotic elements and offer greater specificity than can be achieved using natural inducible promoters. Transactivators in these chimeric systems are designed to interact specifically with sequences engineered into the vector. Recently developed chimeric systems are regulated by tetracycline (6), the progesterone antagonist RU486 (7), the insect hormone ecdysone (8) , or rapamycin (FK506) (9) . These drugs or hormones (or their analogs) act on modular transactivators composed of natural or mutant ligand binding domains and intrinsic or extrinsic DNA binding and transcriptional activation domains.
Chimeric regulatable systems
Four efficient chimeric regulatable systems have been developed within the past decade ( Figure 1 ). The tetracycline-repressed regulatable system (TrRS) (6) is based on the tetracycline resistance operon of Escherichia coli. This system exploits the specificity of the tet repressor (tetR) for the tet operator sequence (tetO), the sensitivity of tetR to tetracycline, and the ubiquitous activity of the potent herpes simplex virus transactivator (VP16) in eukaryotic cells. The TrRS uses a conditionally active chimeric tetracycline-repressed transactivator (tTA) that was created by fusing the COOH-terminal 127 amino acids of VP16 to the COOH terminus of the tetR protein. In the absence of tetracycline, the tetR moiety of tTA binds with high affinity and specificity to a tetracycline-regulated promoter (tRP), a regulatory region comprising seven repeats of tetO placed upstream of a minimal human cytomegalovirus (CMV) promoter. Once bound to the tRP, the VP16 moiety of tTA transactivates the target gene by promoting assembly of a transcriptional initiation complex. However, binding of tetracycline to tetR leads to a conformational change in tetR accompanied with loss of tetR affinity for tetO, allowing transgene expression to be silenced by administering tetracycline. Luciferase activity is regulated over a range of one to five orders of magnitude in response to tetracycline in selected clones that express tTA and the luciferase cDNA under control of the tRP. The tetracycline-regulatable system (TRS) is the most widely used regulatable system and its applications in gene therapy are emphasized in the discussion later here.
The progesterone regulatable system (PRS) also shows three to four orders of magnitude induction of transgene in response to RU486. In this system, the transactivator consists of a VP16 transactivation domain, the ligand-binding domain of a mutant human progesterone receptor and the yeast GAL4 DNA-binding domain.
Endogenous hormones cannot induce the transactivator, but RU486 effectively activates the transactivator by promoting the binding of GAL4 DNA-binding domain to its consensus elements. Transgenic mice have been established that express the transactivator, as well as a human growth hormone (hGH) gene driven by 4 GAL4 DNA-binding sequences upstream of a TATA box. Only mice given RU486 express hGH, and the transgene can be induced rapidly, within 12 hours of RU486 administration. This system suffers from slow de-induction in vivo, taking up to 100 hours to reach uninduced basal expression (7) . In mice expressing erythropoietin (Epo) under control of the PRS or TrRS, the limitation of the latter system becomes apparent: Hematocrit levels of mice could be conveniently up-and downregulated by doxycycline (Dox) but were hardly reversible on withdrawing RU486 administration. The slow de-induction of PRS is a consequence of the long half-life of RU486 and its poor diffusion within tissues (10) . The PRS is also efficient as a self-contained unit, producing about 150-fold regulation when delivered on a recombinant herpes simplex virus (11) . Burcin et al. (12) recently developed a
Figure 1
Chimeric regulatable systems have been designed to allow conditional expression of a reporter gene or a gene of therapeutic interest. In each of these systems, the transgene is transcriptionally silent until activated (or derepressed) by the addition (or removal) of a soluble hormone or drug. The drawing on the right side of each panel depicts the conditional binding of a transcription complex to one control element in an array of such elements (blue boxes) placed upstream of a minimal promoter or a TATA box (red boxes). (a) The tetracycline-regulatable system, the best studied of these systems, employs a chimeric, tetracycline-repressed transactivator (tTA; a fusion of tetR and truncated VP16 transactivator). In the absence of tetracycline, tTA binds with high affinity and specificity to a tetracycline-regulated promoter (tRP), a regulatory region comprising 7 repeats of tetO placed upstream of a minimal human CMV promoter. As described in the text, this system can be altered to allow for tetracycline-dependent, rather than tetracycline-repressible, transcription. (b) In the progesterone-regulatable system, the transactivator consists of VP16, the yeast GAL4 DNA-binding domain, and the ligand-binding domain of a mutant human progesterone receptor (PR-LBD). RU486 activates the transactivator by promoting the binding of the GAL4 DNA-binding domain to its consensus elements. (c) In the ecdysone-regulatable system, a heterodimeric complex of a modified ecdysone receptor component (VpECR-a fusion of VP16, the NH2-terminal truncation of a mutant ecdysone receptor and the DNA-binding domain of the glucocorticoid receptor) and the retinoid X receptor (RXR) is inactive until stimulated by its ligand, an insect hormone foreign to human tissues. In the presence of ecdysone or its synthetic analog muristerone, this functional ecdysone receptor complex binds to 4 repeats of a unique response element (ECRE) in the target promoter. (d) The rapamycin-regulatable system uses rapamycin or its analog to bring together the functional units of a bipartite transcription factor. The bipartite transcription factor consists of two chimeric human peptides composed of ZFHD1 (the DNA binding unit) and FKBP12, and truncated cellular protein FRAP and truncated NF-kB p65 protein. In the presence of rapamycin, the ZFHD1-FKBP protein binds to the FRAP-p65 chimera to form a complex that activates 12 ZFHD1 sites in the ZFHD1-dependent promoter. E is an epitope tag and N is the SV40 T antigen nuclear localization sequence.
modified RU486-dependent transactivator in which the VP16 domain is replaced with a less immunogenic sequence, the COOH-terminal 264 amino acids of the transcription factor NF-kB p65 protein. Animal studies show that this system functions comparably to the PRS when delivered on a single recombinant adenovirus. However, RU-486, which has been used to induce elective abortions, has been at the center of political controversy in the United States, and this drug has not received approval by the Food and Drug Administration.
The ecdysone-regulated system (ERS) and the rapamycin-regulatable system (RRS) both require simultaneous expression of their three components. The RRS uses a "dimerizer" drug to bring together the functional units of a bipartite transcription factor. The bipartite transcription factor consists of two chimeric peptides composed of human proteins. These include a chimeric protein of ZFHD1 (DNA binding unit) and FKBP12 and a second chimeric protein of a truncated version of the cellular protein FRAP and the COOH-terminal 189 amino acids of NF-kB p65 protein. In the presence of rapamycin, the ZFHD1-FKBP protein binds to the FRAP-p65 chimera to form a complex that activates 12 ZFHD1 sites in the ZFHD1-dependent promoter. In a selected clone expressing the bipartite transcription factor and the reporter unit, Rivera and colleagues (9) noted greater than 1,600-fold hGH expression in a doseresponsive manner by rapamycin. Reporter gene activity in the absence of rapamycin was indistinguishable from that of mock-transfected controls. When cells stably expressing the constituents of the system were introduced into nude mice, maximal (∼800-fold) induction occurred 16 hours after treatment with rapamycin. The immunosuppressive activity of rapamycin prohibits the use of this system in this form (9) , but biologically inert rapamycin analogs may be developed that overcome this limitation of the RRS. Recently, the RRS has been further evaluated for gene therapy applications. Magari et al. (13) reexamined the regulation of the hGH in mice receiving cells that stably expressed the components of the system, and they reported efficient and dose-dependent upregulation of hGH within 24-48 hours of oral or intravenous administration of rapamycin. However, hGH remained above the basal levels for up to 12 days after a single injection of rapamycin. The authors argue that the prolonged kinetics of hGH results from the slow degradation of hGH mRNA molecules (13) . Nevertheless, lack of complete de-induction of the system due to the presence of intracellular rapamycin cannot be ruled out. Delivery of the system by two adeno-associated virus vectors (in 1:1 ratio), one expressing the 2 units of the transcription factor chimeras and the second containing the Epo gene under the ZFHD1-dependent promoter, has also produced promising results in immune-competent mice. Administration of rapamycin resulted in a slow 200-fold induction of plasma Epo with prolonged deinduction of the system to basal expression. Stable expression of Epo was achieved for 6 months in mice and for at least 3 months in a rhesus monkey (14) .
The ERS is based on the insect hormone ecdysone and its functional receptor. The natural functional ecdysone receptor is a heterodimeric complex of the ecdysone receptor and the product of the ultraspiracle gene (USP). The mammalian ERS consists of a modified ecdysone receptor component (containing a fusion between VP16 and the NH 2 -terminal truncation of a mutant ecdysone receptor with DNA-binding specificity of the glucocorticoid receptor) and the mammalian homologue of USP, the retinoid X receptor. In the presence of ecdysone or its synthetic analog muristerone, this functional ecdysone receptor complex binds to four repeats of a unique response element in the target promoter. Stable cells expressing the modified ecdysone receptor, the retinoid X receptor and the reporter construct displayed approximately 20,000-fold induction of reporter gene activity. Furthermore, reporter gene induction could be controlled quantitatively over a wide range by altering the concentration of the inducing agent. The ERS is more than tenfold more efficient than the TRS in comparative studies (8) but has received less attention, in part because it requires simultaneous expression of its three components, and in part because the effects of ecdysone in the human body are unknown.
Advantages of the TRS
The TRS offers many advantages, based on the characteristics of tetR-tetO binding and the properties of the tetracycline family of drugs, which make it particularly attractive for regulation of gene expression in vitro and in vivo. Since its introduction about 7 years ago, the TRS has been extensively used to study gene expression in stable cell lines and transgenic animals (S. Agha-Mohammadi, submitted for publication). Unlike the ERS or RRS, which require three components, the 2 units of the TrRS can be conveniently delivered on a single vector without compromising its efficiency (15) . Furthermore, the pharmacokinetics, pharmacodynamics, and side effects of tetracycline and its derivatives are well known. Unlike other activators, such as steroids or rapamycin that have broad spectrum of activity in eukaryotic cells, tetracycline's high affinity for the tetR enables the use of this antibiotic at concentrations that cause little adverse effects on mammalian cells and transgenic animals. In addition, certain tetracycline analogs, such as Dox, crosses placental barrier and are also secreted into milk, making this system particularly suitable for transgenic work. The TrRS is also distinguished from the other regulatable systems by its impressive degree of regulation and the ability to alter the kinetics of the response using different tetracycline analogs (16) . Moreover, the system can be switched off and then switched on within 72 hours when using oxytetracycline (16) . A final, unique advantage lies in the fact that, whereas all other chimeric systems either induce or suppress transgene expression, the tetracycline system can be engineered to work in either direction or in both ways simultaneously (17) (18) (19) . Recently, a combination of both downregulatory and upregulatory variants of the tetracycline-regulatable system were developed and used to achieve exclusive control of two gene activities within the same cells at different concentrations of Dox (20) .
Tetracycline-induced regulatable system
The original TrRS functions as a downregulatory system in the presence of tetracycline and is useful if gene expression is to be maintained in a switched-on state for long periods. A tetracycline-induced regulatable system (TiRS), on the other hand, may be preferred if gene expression is to be sustained in a switched-off state for long periods, if long-term exposure to tetracyclines is undesirable, or if rapid gene induction is required. Several permutations of the original system have been described that meet these requirements. The Tet-on system uses a reverse tTA (rtTA) is used that displays opposite binding properties compared with the wild-type tetR and thus requires tetracycline for binding to tetO. The rtTA has four amino acid exchanges in tetR, three of which have been implicated in the conformational change of tetR during induction. As with the TrRS, the Tet-on system responds differently to various tetracycline analogs. Dox and anhydrotetracycline are the most efficient tetracycline analogs in activating the Tet-on system, producing over a 1,000-fold dose-dependent induction in a selected clone expressing the rtTA and a reporter gene. The Tet-on system shows rapid kinetics of upregulation and thus overcomes the delay in TrRS activity after removal of tetracycline (17) . Another TiRS (18) uses a fusion protein between tetR and the KRAB repressor domain of the human Kox1 zinc finger protein (tetR-KRAB) to achieve tetracycline-relieved silencing of eukaryotic promoters. In the absence of tetracycline, tetR-KRAB exerts its effect by binding to seven tetO sequences built upstream of an intact CMV IE promoter. In a selected clone expressing tetR-KRAB, up to 50-fold induction occurred after 3 days of tetracycline treatment.
An alternative approach is based on interference with formation of transcriptional initiation complex by tTA. In transient expression studies (19) , a vector containing tetO sequences flanking a TATA box of a modified viral promoter showed maximal repression in response to tTA but not tetR. Infection of a high tTAexpressing cell line with a recombinant human CMV carrying this plasmid resulted in 60-to 120-fold tTAmediated gene repression that was relieved by tetracycline (19) . An extension of this approach uses tetR, instead of tTA, to interfere with CMV IE promoter activity by positioning two tetO sites downstream of the TATA element. Using this tetR-mediated transcription repression switch in in vivo models, Yao et al. (21) achieved approximately 60-fold tetR-mediated regulation and showed that transgene silencing could be reversed when tetracycline was administered.
Targeting the TRS
The success of a therapeutic strategy involving gene therapy ultimately depends on its specificity, which can be achieved through use of targeted vectors or targeted transcriptional expression. As there are few vectors, if any, that allow efficient targeted transduction, most investigators have relied on the latter approach. Alongside such spatial transcriptional targeting, it will often be advantageous to regulate the timing of transgene expression. To establish targeted and regulated gene expression, two strategies have been followed. The first approach uses tissue-specific enhancers/promoters to express tTA after direct plasmid delivery, in transgenic animals, or after viral delivery to target expression and regulation of a transgene (S. Agha-Mohammadi, submitted for publication).
In the second approach, tetO sites are integrated into an existing tissue-specific enhancer/promoter. Rose and MacDonald (22) replaced in turn three functional elements of rat Elastase I enhancer with a tetO element to create an enhancer that was inactive in the absence of tTA but could be activated two-to eightfold by tTA, relative to the unmodified enhancer. tTA-activated tetOsubstituted enhancers produced tetracycline-dependent regulation ranging from 190-to 330-fold in a pancreatic cell line. Depending on the substituted element and the cell line examined, little or no activity of the tTAactivated enhancers was observed in nonpancreatic cell lines. These results indicated that a single tetO element can be incorporated into an enhancer to create a tissuespecific regulatable transcriptional control.
Applying TRSs in cancer gene therapy
Because they allow for the controlled expression of therapeutic genes, regulatable systems, particularly the TRS, can address many safety concerns surrounding gene therapy and may eventually enjoy wide use. Although, TRS has been successfully codelivered via separate vectors (Table 1) , for effective gene delivery, the regulatory system must ultimately be contained on a single vector. Recently, a number of self-contained plasmids have been constructed. These plasmids fall into three groups: The first group expresses tTA from a viral or tissue-specific promoter as well as the tRP-transgene cassette (23) . The second group, bicistronic vectors, express a reporter gene from a tRP unit, which is followed by tTA expression from an internal ribosome entry site element placed distal to the reporter gene, or vice versa. In the absence of tetracycline, these vectors allow tTA to promote transcription of the transgene and its own gene in an autoregulatory fashion (24) . The third group, positive feedback regulatory vectors, express both the tTA and a transgene from a modified bidirectional promoter. Positive feedback regulatory vectors also function on the basis of the autoregulatory principle (15) . Generally, the self-contained vectors function well as plasmids and also in the context of adenoviruses, retroviruses, adeno-associated virus, and herpes simplex virus, and they also display regulation comparable to the two-component delivery vectors. Overall, these preliminary results confirm that the basal expression of tRP is similar whether plasmids or viral vectors are used. The copy number of the tetracycline-regulated expression cassette is the most significant factor determining the basal level of expression of the gene of interest (25) .
Despite many improvements in vectorology, there are still few reports of therapeutic gene regulation in vivo. Bohl et al. (26) 
to Dox in vitro. After transplantation of these cells into skeletal muscle of animals and treatment with Dox for 2-3 weeks, they noted an increase in hematocrit from about 50% to about 75% (26) . In an analogous experiment using tTA (27) , engraftment of the cells in syngeneic recipient mice led to an increase of the hematocrit and serum Epo levels. Animals that received tetracycline showed significantly lower values than untreated animals. Recently, Pitzer et al. (28) demonstrated the potential of this system for ex vivo cancer gene therapy. These authors cotransduced a melanoma cell line with two recombinant retroviruses expressing tTA or tRP driving the human IL2 gene, and they demonstrated in vitro regulation of this cytokine. Furthermore, TrRS regulated IL-2 expression correlated inversely with tumor size in vivo. Controlled production of recombinant viruses represents an emerging application of regulatable system that could be incorporated directly into ONYX-015 or analogous biotherapeutic agents. Regulatable systems can be used to control all aspects of viral life cycle. Rittner et al. (31) used tetracycline-relieved silencing of eukaryotic promoters by tetR-KRAB (18) to control the expression of the adenovirus E2A gene. In the absence of tetracycline, these investigators find that E2A expression is strongly repressed, leading to a block in viral DNA replication and late gene expression. Similarly, Caplen et al. (32) recently applied the Tet-on system to control generation of retroviral particles delivered as adeno-retroviral chimeric viruses. In their system, recombinant adenoviruses carrying the retroviral gag.pol genes under the control of tRP were cotransduced with adenoviruses carrying a retroviral vector with rtTA. In vitro, higher doses of adeno-retroviral viruses yielded up to a 2,000-fold induction of retroviral particles, although parallel in vivo studies were disappointing. Another tetracycline-regulated viral replication switch was described recently that uses the tetR-mediated transcription repression switch. Using this switch, replication of wild-type herpes simplex virus could be regulated effectively by controlling the expression of a dominant negative mutant of the origin of DNA replication-binding protein, a protein required for viral replication (33) . This system is inconvenient, as the viral DNA, the gene for the mutant protein, and the tetR gene were delivered on separate plasmids. Also, the tetR expressing vector had to be transfected in significant excess to permit robust regulation of the transgene by tetracycline. This requirement may interfere with efficient gene delivery and increase the risk that tetR will provoke an immune response. To address these concerns, we have developed a second-generation tetracycline-controlled positive feedback regulatory vector that demonstrates more than a 1,000-fold gene regulation from a single plasmid. This vector should be of value in modifying the life cycle of a recombinant viral vector (S. AghaMohammadi et al., manuscript in preparation).
Many of the current cancer gene therapy protocols use immunomodulatory cytokines such as IL-2, -4, -12, and -18; GM-CSF; and TNF-α. Cytokine gene delivery via replication-efficient adenoviruses is expected to enhance the elicited immune response against cancer cells (see Agha-Mohammadi and Lotze, this Perspective Series, ref. 4). For cytokine gene therapy using replication-efficient viruses, regulatable gene expres- (43) bitRP, modified bidirectional tRP promoter; β-gal, β-galactosidase; NLS, nuclear localization signal.
sion offers the potential to coordinate the replication of the virus with the desired dose of the therapeutic gene product. The ability of replication-competent viruses to replicate and transduce many of the target cancer cells will ultimately generate very high cytokine expression. This is neither physiological nor without adverse effects, especially in the case of cytokines like IL-2, IL-12, and TNF-α, which display high local and systemic toxicity when expressed at high doses from recombinant adenoviruses. Using regulatable systems, it would be possible to modify the expression of these cytokines to achieve the optimal therapeutic dose throughout the replication and transduction cycles. It may also be possible to activate the expression of the cytokine after an initial cycle of replication and transduction. Regulatable systems also provide the means to terminate the expression of a cytokine should adverse effects appear or safety concerns arise.
Considerations for the future
The real impact of regulatable promoters in gene therapy remains to be seen. The results so far demonstrate the potential of the TRS for regulating therapeutic gene levels, independent of the means of gene delivery and the vector chosen. Most investigators report a 10-to 100-fold transgene regulation when using the system in vitro and in vivo. This variability reflects the many poorly controllable aspects of these systems, including the cell type, the surrounding context of vector/integration site, the intracellular concentration of the transactivator, and the basal intracellular concentration of transgene. For effective gene delivery, all the components of a regulatory system must be contained on a single vector. Furthermore, this vector must permit high expression of transgene on induction and low basal expression when repressed. So far, most of the reported vectors have shown relatively high basal expression and therefore limited efficiency of the system. Recently, we described a novel tetracycline-controlled positive feedback regulatory vector that transcribes both tTA and mGM-CSF from a modified tTA-responsive bidirectional promoter. This vector demonstrated gene regulation in several cell lines ranging from 50-to 300-fold. To our knowledge, this degree of regulation is the highest that has been described using the TRS on a single self-contained plasmid in transient studies (15) . Still more efficient regulatory system will be necessary to achieve regulated gene expression in vivo. Consequently, we have recently developed a second-generation tetracycline-controlled positive feedback regulatory vector that demonstrates about a 1,000-fold gene regulation from a single plasmid. We are currently exploring this vector and studying the importance of cytokine expression level in cancer gene therapy (S. Agha-Mohammadi et al., manuscript in preparation).
